| INTRODUCTION
Autophagy is an evolutionarily conserved, lysosome-based degradation process which plays important roles in various pathophysiological settings. [1] [2] [3] [4] During autophagy, lysosomes fuse with autophagosomes to form autolysosomes, within which engulfed autophagic cargos are degraded. Multiple autophagosomes will fuse with multiple lysosomes, so at the peak of autophagy, the majority of free lysosomes will be consumed by formation of autolysosomes.
Thus, a mechanism is required to restore free lysosomes once autophagy is finished.
In 2010, we reported autophagic lysosome reformation (ALR), a cellular process which restores the level of free lysosomes to maintain lysosome homeostasis at the terminal stage of autophagy. 5 During ALR, tubular structures composed from lysosomal membrane components are extruded from autolysosomes. Small vesicles, also made of lysosomal membrane components, then bud from these tubular structures. These vesicles, named proto-lysosomes, are initially pH-neutral and do not contain lysosomal luminal proteins. Eventually they mature into nascent lysosomes by gaining acidity and lysosomal luminal proteins. Through ALR, lysosomal membrane components are recycled from autolysosomes so that lysosome homeostasis is maintained. 5 We found that ALR is conserved in multiple species, and Zhang et al showed that exogenous hydrogen peroxide (H 2 O 2 ) can also induce ALR, suggesting that ALR is a common mechanism in autophagy which can be induced by various cues. 6 In the past few years, a series of studies on ALR has provided a better understanding of the molecular machinery and physiological roles of ALR. In this review, we will summarize recent progress in uncovering the molecular mechanisms underlying ALR, including budding of tubular structures from autolysosomes, tubular extension and proto-lysosome formation. We also describe the pathophysiological roles of ALR. Finally, we will discuss the generality of the molecular mechanisms underlying ALR in other intracellular membrane systems.
| REGULATION OF ALR
During starvation, a commonly used stimulus for inducing autophagy, mTOR (target of rapamycin) is inhibited and autophagy is initiated. In 2010, we found that TOR signaling is reactivated after prolonged starvation. Increased mTOR activity functions as a negative feedback mechanism to avoid excess autophagy. As part of this mechanism, tubules dynamically emerge from autolysosomes, then small vesicles bud off these tubules and ultimately mature into functional lysosomes to renew the lysosome pool. 5 In 2011, we identified Spinster (Spin), a putative lysosomal efflux permease and sugar transporter, as a regulator of ALR. 7 Spin mutants show accumulation of enlarged autolysosomes after prolonged starvation, possibly because defective Spin sugar transportation activity leads to the impaired degradation capacity of autolysosomes, resulting in failure of mTOR reactivation, an essential signaling for ALR. In subsequent work, we reported an important mechanism which contributes to mTOR re-activation. Starvation triggers activation of the general amino acid control (GAAC) pathway, which results in upregulation of amino acid transporters in the plasma membrane, thus elevating amino acid uptake and contributing to mTOR re-activation. 8 
| EARLY EVENTS IN ALR
By performing a screen of candidates identified through proteomic analysis of purified autolysosomes, and later by in vitro reconstitution of autolysosome tubulation, we unveiled a tightly regulated molecular pathway that controls ALR and lysosome homeostasis, in which clathrin, PI(4,5)P 2 and the motor protein KIF5B are the key components. 9, 10 Clathrin and its associated protein AP2 mediate the formation of PI(4,5)P 2 -enriched microdomains on autolysosomes. AP2 links clathrin to PI(4,5)P 2 on autolysosomal membrane. A clathrin molecular recruit two AP2 and a AP2 molecular recruit two PI(4,5)P 2 molecules, thus, formation of clathrin lattices on autolysosomal membrane may therefore serve as a mechanism to enrich PI(4,5)P 2 and form PI(4,5)P 2 -enriched microdomains. KIF5B clusters on autolysosomes through direct interaction with PI(4,5)P 2 and drives autolysosome tubulation by pulling on the autolysosomal membrane. 10 In ALR, PI(4,5)P 2 is generated from PI(4)P by PIP5K. The screening process also picked up PIP5K1B, the PI(4)P kinase that produces PI(4,5)P 2 , as an essential player in ALR. Sridhar et al reported that PI4KIIIβ, a PI-4-kinase (PI4K) which generates PI(4)P on lysosomes, participated in ALR in a coordinated manner with PIP5K1B and PIP5K1A. 11 These kinases provide PI(4,5)P 2 that functions both in restricted clathrin recruitment at the lysosomal membrane and in vesicular scission at the tips of the tubules.
Based on the components identified, we successfully reconstituted the ALR tubulation process in vitro using purified factors in 2016. 10 
| LATE EVENTS IN ALR
After tubular structures are formed, proto-lysosomes are generated from the tubule tips, and this is followed by scission of protolysosomes to form lysosomes. We showed that PIP5K1A is involved in this process. 9 PIP5K1A deficiency resulted in formation of long, stable reformation tubules from which budding of proto-lysosomes was rarely observed. This finding indicated that PI(4,5)P 2 is not only required for generating the reformation tubules but also plays an important role in fission of proto-lysosomes from reformation tubules.
Intriguingly, PI(4,5)P 2 appears to be generated on the main body of autolysosomes and on reformation tubules by 2 different PI(4)P kinases. Initiation of autolysosome tubulation is mediated by PIP5K1B, which is localized on the main body of the autolysosome, while generation of proto-lysosomes is mediated by PIP5K1A. In line with this finding, Schulze et al showed that the large GTPase DNM2/dynamin 2 is involved in proto-lysosome scission. 12 During lipophagy, DNM2/ dynamin 2, which has a well-known function in scission of vesicles through binding to PI(4,5)P 2 , mediates the scission of nascent lysosomes from autolysosomal tubules and is important for lipid droplet turnover. These studies suggested that formation and scission of proto-lysosomes uses a modified version of the protein machinery for clathrin-mediated endocytosis. Besides PI(4,5)P 2 , it is clear that other phospholipids, including PI(4)P and PI(3)P, also function at different stages of ALR. Sridhar et al reported that lysosomal PI4KIIIβ plays an important role in ALR. 11 Knockdown of PI4KIIIβ causes extensive autolysosome tubulation which cannot be blocked by knocking down PIP5K1B. This argues for an active "anti-tubulation" role of PI4KIIIβ or PI(4)P. 11 Munson et al showed that lysosome-localized PI(3)P, which is produced by VPS34-UVRAG, plays an important role in the scission of proto-lysosomes in ALR. 13 At this moment, it is still not clear whether these different phospholipids work in a co-ordinated manner in the regulation of ALR, or whether each one of them regulates ALR in a different way. It will be interesting to investigate the detailed mechanisms of how those phospholipids and their kinases regulate ALR.
| IN VITRO RECONSTITUTION OF THE TUBULATION STEP IN ALR
Based on the components identified in ALR, we successfully reconstituted the ALR tubulation process in vitro using purified factors. 10 In the presence of polymerized microtubules coated on a glass chamber, purified KIF5B was able to drive the tubulation of purified autolysosomes. Furthermore, KIF5B was recruited to autolysosomes through direct interaction with PI(4,5)P 2 and the interaction between PI(4,5) P 2 and KIF5B was enough to drive tubulation in liposomes containing PI(4,5)P 2 . A series of cell biology and in vitro reconstitution studies showed that clathrin is required to form PI(4,5)P 2 -enriched microdomains on the autolysosome membrane, and the concentration of PI(4,5)P 2 in these microdomains is high enough to recruit and cluster KIF5B. The local enrichment of KIF5B therefore provides the force to pull the tubules from the autolysosome. 
| PHYSIOLOGICAL ROLE OF ALR
Drosophila spin mutants accumulate lysosomal carbohydrates and enlarged lysosomes. 7 Schulze et al found that defective scission in ALR resulted in accumulation of lipid droplets in hepatocytes. 12 Munson et al showed that cells with unregulated ALR are much more sensitive to long-term starvation-induced cell death. 13 Only recently 
| ALR MECHANISMS IN OTHER MEMBRANE SYSTEMS
ALR involves extensive deformation of membranes, so it is not surprising that ALR has adapted the protein machinery of other membrane deformation processes. The machinery for formation of clathrin buds, which is the initiation step of autolysosome tubulation, is very similar to the machinery for formation of clathrin-coated pits during endocytosis. 17 Similarly, the scission of proto-lysosomes uses similar machinery to the scission of clathrin-coated vesicles during endocytosis. 18 Our recent work revealed that autolysosome tubulation is driven by a pulling force generated by the motor protein KIF5B; interestingly, we found that a similar principle is involved in mitochondrial network formation. 19 We found that KIF5B can pull highly dynamic tubules from mitochondria, a process we named as dynamic tubulation of mitochondria. We further showed that the dynamic tubulation of mitochondria is required for formation of the mitochondrial network at the periphery of cells. Using similar in vitro reconstitution systems as for ALR, we were able to reconstitute the mitochondrial network in vitro. 19 Besides its roles in ALR and dynamic tubulation of mitochondria, KIF5B is known to regulate lysosome motility. 20 The fact that KIF5B transports lysosomes while pulling tubules out of autolysosomes (which are derived from lysosomes) raises the question of why the same motor protein has different effects on two related organelles.
Using live imaging and an in vitro reconstitution system based on KIF5B motor domains which are artificially linked to liposomes, we
showed that the effects of KIF5B on vesicles is size-dependent. KIF5B transports small vesicles (100-200 nm) along the microtubule tracks, and mainly pulls tubules from large vesicles (500-1000 nm). 21 We speculate that surface tension derived from membrane curvature may underlie this size-dependent effect.
In summary, these studies imply that the complicated membrane dynamics of various intracellular membrane systems may be governed by a few physical principles and carried out by a limited set of protein components.
| CONCLUSION AND FUTURE PERSPECTIVES
In recent years, we have taken great steps in understanding the process of ALR, including the initiation and budding of tubules, tubule structure extension and scission of proto-lysosomes ( Figure 1 ). However, there are still some gaps in our knowledge. Firstly, the initiation of ALR is not completely understood. mTOR has been shown to be the key regulator but the detailed mechanisms are not satisfactorily solved. Secondly, the autolysosome tubulation process must couple with sorting of lysosomal membrane proteins and retention of lysosomal luminal proteins in the main body of autolysosomes. We know very little about this besides the fact that PI4KIIIβ regulates retention. Thirdly, it remains to be systematically elucidated how nascent lysosomes acquire acidity and luminal proteins and then mature to functional lysosomes. Lastly, our knowledge of the physiological roles of ALR is still poor. It is challenging to dissect the physiological roles of ALR because most of the known ALR regulators, such as clathrin, also play essential roles in other cellular processes. ALR-specific mutations of key components may hold promise for studying the physiological role of ALR.
